A FLIGHT .SniUIATIOH FACILITY FOE MAIEJAL 
GOHTROL STUDIES 


A Thesis Submitted 

In Partial Fulfilment of the Esquiremonts 
for the Degree of 
hlASTEE OF TEOHIOLOGY 

■t 

ty 

Sqn. Ldr. C.E, Seshadri 


to the 

*• ^ 1 ' 

DEPAETIvIBItt OF EIECTEIOAL EHGiAEIHG 
IlIDIAH ilfSTITDTE OF TBOMOLOGY EA 13 PUE 


August 1972 




Certified that this work on ”A Plight Simulation 
Pacility for Manual Control Studies" has heen carried 
out under my supervision and that this has not been 
submitted elsewhere for a degree. 


* Dr. P, Eamakrishna Eao 
Assistant Professor 
Department of Elect rictiL Engineering 
Indian Institute of lochnology 
Kanpur 



I OFFIa 

I die;,. . o fpproved 

f A'fcsj,'; . ’ ■' fgree of 

/ ;-^u.tuioas of tfie Tr 



.V \ 

JINK'?®! 


26 SF.P 1972 1 


~fhe^ 

S^2lT7I 



h - S &§ -f^L ^ 



Ill 


AGMOraDGEMENT 


The author wishes to record his deep sense of 
gratitude to hr. P, Pamakrishna Eao for the constant 
advice and guidance given without which the work could 
not have been completed . His advice was indeed invaluable 
during the assessment of the case studies performed .The 
author is indebted to Dr, U.P, Prasad for suggesting an 
interesting topic and giving valuable advice during 
construction of the simulation facility. Thanks are 
due to Shri E,J, Eao for useful suggestions during 
construction of the facility and to Shri M.S.Krishnamoorthy 
and Shri G,V,E. Murthy for valuable discussions on case 
studies performed, Tharks are also due to Shri S,P, 
Ghakrabortty of the Analog Gomputer laboratory for his 
ready help during simulation work. The author is 
grateful to the staff of Electrical Engineering Dept., 
Gentral Workshop, Plight laboratory of Aeronautics 
Department and his Air Porce colleagues at A-.P, Station 
Eanpur for the assistance rendered. Pinally the author 
thanks Mr, K.E.Tewari for his excellent typing of the 
thesis. 



TABLE OB GOITTENTS 


Page 

vi 


LIST OP TABLES 

LIST OP PIGURES 

LIST OP PHOTOGRAPHS 

ABSTRACT 

CHAPTER 1 IHTROLUCTIOH 
1 ,1 General 

1.2 A Typical Plight Simulator 

1.3 Types of Plight Simulators 

1.4 Applications of Plight Simulators 

1 .5 Choice of Simulator 

CliAPTER 2 PLIGHT SB/IULATOR: A DETAILED 

DESGRIPTIOH 

2.1 Introduction 

2.2 Block Diagrsan 

2.3 Cockpit Controller 

2.4 Display Unit 

2.5 Analog Computation Bank and 
Peripheral Units 

2.6 Conclusion 

CHAPTER 3 CASE STUDY H0.1 ; OPTBIAL DISPLAY IH 
AJSRIAL PURSUIT EVASOT 

'3.1 Objectives 

3.2 Study Procedure 

3.3 Problem Background 

3.4 Problem Statement 


vii 

viii 

ix 

1 

1 

1 

2 

5 

6 

11 

11 

12 

12 

18 

18 

20 

30 

30 

30 

31 

32 




Y 

3.5 Analog Mechanisations Saddle Point 

Solution 

35 

• 

3.6 ’Pilot in loop* analog Mechanisation 

37 


3.7 Description of Displays 

39 


3.8 Details of Experiments and Discussion 

42 


3.9 Gonclusions 

49 


CHAPIEE 4 CASE STIJEY E0.2; YADIDaTIOI OE AJT 
OPTBIAE GOETEOD THEOEETIG HDMM 

PHOT MODBI 

4.1 Introduction 

62 

62 


4.2 Objectives of the Study 

62 


4.3 Model Description 

63 


4.4 Model Investigation Procedure 

66 


4.5 Experimental Details for Model 

Yalidation and Discussion 

67 

i 

' ■[ 

4.6 Use of Model for Parameter Choice 

71 


4.7 Conclusion 

73 

'i 

f 

i. 

GHAPTEE 5 GOUCLUSIOUS 

83 

[' 

5.1 Summary 

83 


5.2 Suggested Improvements 

85 


5.3 Scope for Euturc Studies 

85 


APPEBDIX A 

86 


APPEHDIX B 

88 


APEEUDIX C 

92 

, i 

■ f 

' 

APPEKDIX D 

95 

1 

APPEIDH E 

96 

1 

i 

APPEBDIX E 

97 

1 

EEEEEBUCES 

98 

f 

■ ,■ ■ ■ i 

1 





vi 


LIST OS' TABLES 


NO. 


Page 

1.1 

Glassification of Piloted simulators 

8 

2.1 

Controller Specifications 

21 

5.1 

Performance Table 

51 

4.1 

Steady State values for for a = 2 

75 

4.2 

A 

k.. for various ’ a' s 

- - 

76 




LIST OP PIGUEES 


PIG, NO. 


PAGE 


Block Diagram of Piloted Plight Simulator 

10 

£.1 

Block Diagram of 'Simulcdiioh Pacility’ 

22 

2.2 

Relative positions of controls 

23 

2.3 

Layout of c ont roller 

24 

2.4 

Artificial feel unit 

25 

2.5 

Control column - Rear view 

26 

2.6 

Controller Adjustments 

27 

■" / i 

3.1 

Display variations I 

52 1 

3.2 

Display Variations II 

55 

3.3 

r Plots of subject 1 

54 1 

E: 

3.4 

“r Plots of subject 2 

55 i 

' f 

3.5 

r Plots of subject 5 

56 1 

3.6 

r Plots of subject 1 

57 S 

3.7 

r Plots of subject 2 

58 

3.8 

Optimal time plot of r„ and r__ 

-A- j 

59 

3.9 

A 

Optimal r plots 

60 ’ 

i 

3.10 

'aT 

Optimal r plots 

61 

4.1 

Optimal controller loop 

77 

[ 

4.2 

Piloted feedback loop. 

78 

4.3 

Plots of control 

79 i 

1 

4.4 

Error plot for pilot (optimal zero 

throughout) 

i 

f 

80 1 

j 

4.5 

Error Rate plot for pilot (optimal 

zero throughout) • 

81 

4.6 

Plots of J versus a . 

82 



Till 


LIST OP PHOTOG RA PHS 

Ho. 

2.1 


Page 

28 


2.2 


General View of Controller 
Analog Computer and Performance 
Recorder setup for Case Study 1 


29 



ABSTRA-GT 


, 

jin aviation field!^^ rudimentary flight simulator''is 
a handy tool for validating theoretical results or models, 
studying man machine system performance-, coclqpit display 
comparisons and the like. One such facility builti,'^^^^s been 
described in this thesis along with the illustrative studies 


performed on _ 

simulation assembled consisted of a controller 
similar to a fighter aircraft, a symbolic display unit, a 
bank of analog cemputers. and peripheral units, The control- 
ler enables a realistic p'itch axis control and symbolic 
3 axis control. The display, th|6ugh symbolic, has flexibi- 
lity in use. The analog computers used we 2 ?e EAI type TR 20 
and hence have extensive scope for nonlinearities. The 
peripheral units were mainly lAI Z-Y recorders and Brush 
paper tape recorders, 

'-^^^wo case studies were taken up as illustrations . 

The first was a display optimisation study for aerial combat > 
■^'A typical aerial pursuit evasion problem, solved using 
differential game theory - was simulated on the analog 
computer. ''’“'^he evader was programmed optimal in the computer 
while the human pilot took tbs role of pui«uer. Three 
subjects were tried, first a test pilot, next an average j 

I 

fighter pilot and the third an engineer with a flying back- 


ground . The pursuer was presented state variable displays ,1 



X 


[^wo types of quickened variable displays and an opiimell 
control display, Though the last one made the pilot's 
task easy, it was found Very sensitive to system errors 
with the pilot having no control over it. The quickened 
variable displays with a reasonable correlation to the 
pilot's control outputs enabled consistent performance 
by the pilots. This tallied with the results of Sheldon 
BaroiTX 


sdJ^The second was a pilot model validation study. An 
attempt was made to use the validated model to decide an 
aircraft longitudinal design parameter. The pilot model 
was generated using optimal control theoretic considera- 
tions model was realised on the analog computer along ^ 

with the input model and plant' dynamics. The performance 
was studied for various v/eightages of the components of the 
performance index. The performance of an experienced pilot 

I 

was then found to be near optimal and it exhibited close i 
similarity with a particular model, The identified model '> 

1 

was reasonably close to that arrived at by Mcruer . Using 
this performance index, pilot runs of the simulator were 1 
done for various pitch daeping ratiosof a VTOl aircraft in ' 
hover. The variation in performance index gave an indication 
of the range for choice of the damping ratio. The best value 
for damping ratio determined by Lollar experimentally was 
found to lie in this range 



OHAEIEB 1 


IETBClDUQTIOI 

1.1 GElEilAIi 

In the field of aviation^ it is hiaportant that alL 
systems designed be compatible with the human pilot . This 
compatability is often investigated by a judicious combi- 
nation of analysis and experimentation. Ihe machine 
model used for the experimentation is known as a 'flight 
simulator' , Ihe simulators are also useful as training 
devices for the human pilots. 

1.2 A TYPICAL PLI&HT SIMULAfOR 

A flight simulator basically consists of a cockihi 
with audio visual and/or motion cues and a computation 
scheme with performance recorders, A block diagram of a 
typiCcuL piloted flight simulator"' is shown as figure 1.1. 
What is done in the simulator is 150 present trie problem to 
the pilot experimenter in such a form that . he can ideritifsT 
and assess its speeixics, and give us a subjective rating 
of his ability to carry out the analagoas problems in 
flight. One must also be able to represent the r'espoase 
characteristics of the controlled element and to vary tinem 
at v/ill. It should be possible to control those factors 
represented by extravehicular disturbarices , The vehiole 
response quantities must be fed bach to the operator in 



such a v/ay as to readily indicate the status of the vehid® 
and to provide necessary cues for conducting the required 
task, 

1 ,3 TTEES OP PLIGHT SBIULATOES 

Depending on the facilities available in the 
simulator, they are classified as rudimentary, basic and 
advanced simulators Each of these types can be specif 
to a particular aircraft or of a nature suited for diffe^-®^’' 
general studies. The rudimentary simulator is more meant 
for qualitative studies and part tasks. Thej?- are fairly 
simple vvith fixed base control facility and symbolic 
displays , The basic simulators are a bit more sophisticated 
with more realism and representative nonlinearities, 
could be fixed base or may have facilities for motion cues. 

The advanced flight simulators are complete representatives 

of an aircraft with audio visual and motion cuss. The 
d is pi ays .involve all phases of flight requirements and 
are as comprehensive as in an aircraft with provision of 
even system failure simulation facilities. A coziplete 
mission from start up to switch off can be simulated i^ 
these. These could be specific aircraft oriented or 
function oriented , Excimples of the former aare B?iing 
simulators available with most of the commercial airlines 
all over the world and of the latter is the air-to-air 
coihtljal: simulator at LTV Aerospace Corporation, U.S.A'^ 

A detailed classification as described by Belsley is given 


in Table 1 .1 . 



1 A APPLICATIOIS 01 IIIGHT SHvIUMOIB 


Depending on the complexity of the simulatcian'i 
and facilities available the simulators find wide appli- 
cations, An effort is made to give some idea of the 
possible uses of the simulators. 

1.4.1 Development of Human Pilot Models 

The flight simulator has frequently been used as 

a basic research tool to develop and test qualitative and 

quantitative models for human pilot. The comprehensive 

work by Duane T, Mcruer bears testimony to this. After 

long years of work at Plight Control Division of U .3 . 

Airforce Plight Dynamics lab. and NA3A. Ames Research 

Center v/idely accepted and validated quasilinear models 

17 

for human pilots have been developed Apart from an 
interest in quantitative models, the developed man-machine 
models could bo used for analysis, reducing the need for 
empirical investigations. 

1.4.2 Peasibility Demonstrations 

Plight simulation can be used for system or sub- 
system feasibility demons'trations , feasibility studies of 
new control problems and techniques. They could also be 
used to delineate potential control problem areas. 
Effectiveness of various cont]?ols like the bang— bang and 
proportional c (mat rol to the pilot can be assessed. In 
many cases it has been possible to use flight simulation 


as a preliminary design test to demonstrate or eliminate 
specific guidance techniques. E.W. Obexmeyer gives 
examples of the study of manual control of large space 

p 

boosters and manual lunar landing studies . 

1.4#3 Comparative Studies in System Design 

Flight simulators are often used for system or sub- 
S 3 rstem comparison studies. These can be in terms of 
selection/choice of effective display parameters or may 
involve ha 2 ?dware comparisons of different display facili- 
ties for any particular system parameter or even comparing 
types of controllers. The first is useful in the prelimiiiccry 
design of vehicle systems while the other two help in choosing 
the best possible realisation of the system hardv/are . An 

example of the controller selection is the study done in 

5 

Boeing laboratories. For guidance and control this is 
perhaps the most common applicatiOnn for simulators. 

1 ,4- .4 Handling Qualities Investigations 

Early in the development of manual control systems, 
judgement of the pilot was found to be essential in evalua- 
ting the acceptability of a given control system. These 
so called 'handling qualities requirements’ define accept- 
able handling qualities for flight; vehicles. Flight 
simulators are used to evolve synthetic handling qualities 
criteria which can be used for preliminaiy system design 
and experimentation v/ithout the presence of a pilot, later 



the sjmtlTssised system can be individually checked out by 
the pilot on the flight simulator and classified under 
accepted handling quality ratings. 

1,4.5 lotal System Performance Evaluation 

■The advanced flight simulators make it possible to 
have full mission investigations and total system perfor- 
mance , The behaviour of the aircraft for any particular 
mission can be fully tested out on the simulator. These 
could be of particular value when the missions are of a 
military nature with dangerous consequences if mission 
fails, 

1 , 4.6 Aircraft Comparison for a Specific Pole 

The simulators if sophisticated but of a general 
nature, can be used to assess relative performance of 
different aircraft for a particular role . An example is 
the mamied air-to-air correixj^ simulator in ITY Aerospace 
Corporation, USA Here an aerial combat canbe fully 
simulated and relative performance of say two fighter 
aircraft pitted against each other can be assessed. By 
varying the aircraft parameters possible improvements to .. 
aircraft can be assessed. 

1.4,7 Plight Training 

Another obvious use of a flight simulator is in 
pilot training. Operational training on aircraft is rather 



costly both in terms of oost involved in each aircraft 
sortie and risks involved for inexperienced pilots, A 
flight trainer becomes a handy tool. Indian Air Force 
experience indicates that practice missions by inexperienced 
pilots first on tte trainer simulators greatly reduce the 
actual operational training required to be given. Further 
the pilots also can be given full training in reacting 
correctly during mission emergencies like fire in the 
engine or specific system failures, 

1,5 CHOICE CF SMUIATOH 

Choice of the type of simulator to be assembled 
would mainly depend on two factors. First to be considered 
are the objectives of the experiments to be performed and 
next come the availability of resources. 

The first phase, in the building of a flight 
simulation facility, is then, the decision on the types 
of experiments to be performed and the nature of results 
expected. This study is best done by a team consisting of 
the designer and tte operator (pilot). Dependent on the 
nature of the results expected and areas of their application 
the complexity of the simulator will be decided. The 
complexity required would indicate the type of simulator to 
be acquired , 

Having arrived at the complexity of the simulation 
facility, an assessment of the resources is to be made. 



Depending -on the resources, the complexity planned may 
have to be pruned. This reverse process will then indicate 
the scope of the simulator. With this, one is ready for 
building the simulator. 

lext stage is setting up on the analog/digital 
computers , the equations of motion/software of the system to 
be used. The equipment to provide both the vehicle response 
computation and response feedback information must be 
assembled and checked out. At this stage, the overall 
simulation scheme must be validated by the operator to 
bridge the gap betv/een real life situation and the 
simulator situation. If necessary, modifications should 
be made to the simulation set up or a reduction of 
objectives can be made. Such was the process gone through 
in building a facility to analyse basic flight control 
problems. Specific areas of interest at the outset were 
a) Human pilot models and b) Study of aerial combat 
situations with a view to decide on the most efficient 
display patterns for the pilots. 

As the results expected were more qualitative in 
nature , a general fixed base type of simulator was decided 
upon mth only sj^-mbolic displays. To provide suitable 
environment to the pilots to be used for the aerial combat 
study’, it was decided to make the cockpit controllers, as 
in a jet fighter aircraft. However, due to the non- 
availability of components readily, it was decided to have 



8 


symbolism even in clie coxitrols^ Rudder control was hence 
avoided^A tiirottle and a joystick were accepted as the 
control mediums for the pilot. Again due to the qualitative 
xiature of the results expected the accuracy of an analog 
computer was acceptable with X-Y recorders forming the 
main devices to measure the performance. 

The chapter thax follows, gives a detailed description 
of the flight simulation facility. Two case studies done, , 
one regarding a pilot model based on modem control theory 
and the other an optimum display study for aerial combat, 
have then been described in detail, ..The thesis ends with 
a discussion of the results obtainead and suggestions for 
future work , 
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TABEE 1 .1 J CLASS iPICiiT ION OB PILOTED SBdlJLA'IOES 



Piloted Plight Simulator i 
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PIG.1 .1 : BLOCK DIAGEM OP PILOTED PLIGHT 
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CHAPTER 2 


ELI&HT SB/IUIiATOR; A EETAIIEE EESCRIPTIOH 

2.1 IlTROEUCTiai 

An overall view of tlie flight simulation set up 
assembled, is shown in photograph no. 2.1. This would confoim 
to the class of rudimentary flight simulators discussed in 
Chapter 1 , In an actual flight , the aircraft is flovm by 
a pilot sitting in the cockpit and controlling the movements 
of the flight vehicle through the main controls of control 
stick, rudder and engine throttle , The effects of his 
control actions are fed back to him in terns of the 
flight status of the aircraft in atmosphere and in instru- 
ment flight conditions, by the instrument displays avail- 
able to him. In the simulator the pilot sits in the 
simulated cockpit and controls the system through similar 
controls as in aircraft. His movements are, however, 
converted into electriCciL signals and fed into the analog 
computers on which the complete system is simulated. The 
analog outputs are presented to the pilot as an instrument 
displi^, indicating the effects of his control actions. 

In the simulator built, full realism is available 
only for movements in pitch axis, through throttle and the 
control stick. Eor other types of study the controls give, 
in the absence of rudder pedals, a symbolic three axis 
control. In this mode , the control stick could be used to 




give control for vertical ani lateral movements. The 
throttle can be assumed to effect the longitudinal 
movement , 

2 ,2 BLOCK DIAGEffl 

A block diagram of. the facilit 3 r is given in 
Bigure 2.1 . The simulator can be briefly grouped into 
three assemblies. The first is the simulator cockpit 
consisting of the pilots control components and the dis- 
play unit or the instrument panel. The pilots sits in 
an aircraft seat provided for him on the simulator, gives 
out his system control actions through the set of controls 
available and amends his control actions with the cue 
available from the visual display panel. The next is the 
analog computer bank. This processes the pilot outputs 
through the system equations and feeds to the pilot* s 
display unit the existing status of the system, fhe 
third is the performance recording unit which is used 
as such, through the use of Z— Y recorders and paper tape 
recorders. 

2,3 COCKPIT COKTEOIIEE 
2,3 ,1 Ceneral 

The external view of the cont3?oller is seen in 
photograph 2,1 . The controller is assembled on a wooden 
base and is covered by a wooden case which forms the floor 
of the rudimentary cockpit , Sticking out of the floor are 



the control column and the throttle. These controls 
surround a comfortable aircraft^,:, seat. 

2 ,3 .2 Controller Specifications 

Relative positions of the controls with respect 
to the pilot’s seat are indicated with dimensions in 
Rigure 2.2. To ensure easy adaptability of the subject 
pilots, the control stick and the throttle were identical 
to those fitted on a jet filter aircraft. The control 
column hand grip has a diameter of 1 .4",. This is in 
conformity with a y/idely accepted rang? of 1 .375''to 1,685'’. 
The distances between the pilot's seat and the controls 
were adjusted to be nearly same asmamodem jet fighter 
aircraft.® Howewer, the seat itself was kept movable to 
suit individual requirements of each pilot. The extent of 
movement of the control stick in longitudinal and lateral 
dimensions as well as the longitudinal movement of the 
throttle was kept adjustable depending on the type of study 
conducted. Por the illustrative studies described in 
Chapters 3 and 4, the specifications maintained were as 
indicated in Table 2,1. These were similar to those 
specified for a jet fighter aircraft current ly in use 
The artificial feel loadings on the control was kept as 
mentioned in Table 2 .1, The loadings were kept at half ■ 
the value used in a light jet fighter aircraft^ so as to 
avoid muscular fatigue on the pilot doing the repeated 



simulator runs required for the experiments, fhe subject 
pilots felt the feel to be camfortable. 



2,3.3 Constructional Features 

2. 3. 3.1 ^ perspective diagramsiof the c ont roller sub- 
assembly is given in Figure 2,3. The controller is 
fully covered by a wooden case which forms the floor of 
the symbolic cockpit and through which only the control 
stick handle and throttle handle stick out. In the 
aircraft , movements of the controls cause corresponding 
mechanical movement of relevant control surfaces. In 
the simulator the same movements produce electrical 
signals corresponding to the movements of the controls 
7/hich are given as inputs to the analog computer system. 
These electrical signals were generated by liifiing the 
movement of potentiometer '• wipers with those of the 
controls. The two ends of the wire wound potentiometers 
were connected to +107 and -107 d.c, supply points so 
that the potentiometer wipers pick off positive and 
negative d.c, values depending on the control position, 

2. 3. 3. 2 longitudinal movement of control column: 

The control column has a transverse torque tube 
at the lower end. To each end of this torque tube is 
fixed a double ended lever, lower ends of these levers 
kro connected to the floor mountings permitting fore and 
aft movement about these points. The upper end of the 



left lever transmits the movement of the column to a 
quadrant pulley through a connecting rod. fhe quadrant 
pulley has a potentiometer connected to its axle. The 
stem of the potentiometer rotates with the quadrant pulley 
and thus generates an electrical signal proportional to 
the fore and aft movement of the stick. 

To limit the movement of the stick, two limit 
stops are fitted controlling the movement of the double 
ended lever. The loading on the stick is provided by 
artificial feel units attached to the quadrant pulley. 

To ensure realism the feel units were identifal to the 
ones fitted on a modern transonic fighter aircraft. 

These feel units consist of two graded springs 
(figure 2 .4 ) . 

2. 3. 3. 3 Lateral Movement of control column: 

The grip handle of the stick is integral with a 
sprocket v/hich is coimected through tie rods and chain 
to another sprocket wheel at the bottom of the control 
stick (figure 2,5). Tliis sprocket wheel is attached 
through an universal joint to a circular pulley, A 
potentiometer is kept aligned with the axis of the pulley. 
Lateral movement of control column handle is converted 
thus as a rotary movement of the pulley and potentiometer 
wiper. Stops for the lateral movements are provided on 
the bottom sprocket wheel and loading for lateral movement 



is ensured by an artificial feel unit similar to tlie one 
for fore and aft movement, connected to tm circular pulley. 

2 , 3 . 3 . 4 Ihr o 1 1 le mo veme nt ; 

lor this, a throttle identical to that fitted on a 
jet fighter aircraft was used. The throttle feel was given 
by the frictional mounting of the unit. Adjustable stops 
were provided for the throttle, To the axis of the throttle 
handle was attached a potentiometer Avhich picks off signals 
corresponding to the throttle position, 

2^3.4 Adjustments for Controllers 

Ihc following adjustments arc available on the 
controller intended for flexibility in use; 

a) Adjustable arc of movement for control column, 
longitudinally and laterally. 

b) . Variable stick loading, longitudinal and lateral. 

c) Adjustable arc of movement for throttle. 

/ 

d) Variable loading of throttle, 

2. 3. 4.1 Arc of movement -■ control column; 

Ihe maximum fore and aft movement of the control 
stick (arc of movement) is controlled by the continuous 
stops on the double ended lever of the torque tube as in-^ 
dicatod in figure 2, 6(a). The stop consist of brackets 
fitted with threaded bolts, ft® top stop bracket is 
attached to the floor mounts, and a bolt is fitted on the 
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bracket v/liich can be moved up or down, Tliis acts as a stop 
on the lov\fer arm of the double ended lever. Bottom stop 
bracket is clamped to the floor using two bolts, A third bolt 
acts as the lower stop- as shown in Biguro 2.6(a), Ihe arc 
of movement- of the control column Idterallj- is limited by 
using variable sihe stops. These stop the movement of the 
stop plate, attached to the lower sprocket r/heel indicated 
in figure 2,5* 

2,3.4 .2 Variable stick loading for longitudinal and 
- lateral movements s 

These arrangements are similar in both lateral and 
longitudinal directions. The artificial feel unit is 
attached to the circular pulley (or quadrant pullej?- for 
loi-igitudinal) through an adjustment plate with one ordinary'’ 
hole and an elongated hole. The adjustment plate is fixed 
with t?/o bolts to the circular pulley,. The stem of the 
artificial feel unit is clamped to the adjustment plate 
through the elongated hole. The loading on the stick can 
be varied by shifting the attachment point of the iiBU stem 
along the elongated hole (figure 2,6(b)), 

2,3 *4 *3 Adjust cible movement of arc and loadingwthrottle : 

The adjustment in the arc of movement is achieved 
by change of position of the stops indicated in figure 2, 6(c). 
The throttle friction loading is controlled by the tightness 
of the loading adjuster clamp which causes the throttle 



friction plates to be held tightly by the two arms of the 
throttle stand. While the throttle is moved, the friction 
plates move vath respect to the sides of the throttle stand 
arms (Figure 2, 6(d)), 

2.4 FISPIAT UNIT 

This unit was essentially symbolic in nature , The 
display unit can be seen in the photograph 2.1. The unit 
consisted of d .c . voltmeters and oscilloscopes fitted in a 
display panel enclosed in the display box, A cable bunch 
bringing input to the meters has an entry at the rear. The 
cables of the display unit were marked serially and were 
connected to a display connector box. The display panel 
was made in such a way that the panel can easily be removed 
by unscreY/ing four screws, when the display pattern and 
layout were to be changed. The voltmeters were used for 
representing symbolically various flight parameters like 
energy left, closing speed of aircraft, etc. Two oscilla- 
tors one of Tetronix; 503 and another Tektronix 31 OA 'type v/ere 
used to display state vector or control vector display., 

2.5 AlTiiOG GOMPUTATIOW BAM ABB PBEIPBEEAD UBITS 

The computer assembly forms the brain of the 
flight simulator. The assembly consists of a banlc of three 
EAI analog computers type PACB-TE 20 and one 'EXACT* 
function gone rater type 340* The three TE 20 computers 
are kept slaved and are hence operated as a single unit 



for all practical purposes. The computt-r assembly mth a 
few recorders attached to it can be seen in photograph 2,2., 
The specifications for the computing elements are placed 

at Appendix A. 


. „ . . , , 9/10 was used in conaunction 

A function generator type 

¥o.th the relay comparator of TE 20 set bo provide beam 

splitting facility for oscilloscope display- A 30 cycles 

. T ^-p -nealc to peak is fed from 
per second sinusoidal signal of ov p*-"^ 

the function generator to the 'IE ’ terminal of the relay 
comparator. 'IE 2' terminal is with -1V supply. The 


added input to the^'relay comparator energises and deenergise 
the relay approximately 60 tinges a second causing the relay 
contacts to change over accordingly- This results in the 
input to the oscilloscope being alternately selected from 
two diffierent sources. Due to persistence oi trace on the 
scope, two traces appear corresponding to the two inputs. 
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ligure 2 ,7 



The peripheral units of the flight simulator make 
available permanent recordings of the pilot performance 
parameter variations, For the simulation facility assem- 
bled this peripheral group consisted of 

a) T?/o EAI X-Y recorders 

b) One MOSEIiEY X-Y recorder 

c) One 'Brush' strip chart recorders. 

2.6 COICLUSIOB 

It can be seen that the flight simulation facility 
built was a rudimentary one with symbolism in display and 
control. However, it was simple in structure and used 
components familiar to a professional pilot. This leads 
to easy adaptation by the subject pilots during experi- 
ment £it ion. 
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Table 2.1 

G OIOTROIISE SPEC IPIO ATIOR S 


Oomponeiit 

Specification 

Control Stick 

longitudinal arc 

of moTemont i 

220 fV7d. 

15° aft 


lateral arc of 

movement : 

30° oitherway 


loiigitudinal 

load j 

0-8 lbs, fwd. 

0-15 lbs . aft . 

0.5 lb breakout. 


lateral load s 

0-7 lbs either- 
way 

0,5 lb breakout 

Throttle 

Arc of movement j 

10° from Bear 

to vertical 



40° from vertical 

to full forward . 


loading ; 

5 lbs, uoiform. 
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FIG. 2,2 EBIiiTITE POSITICWS OF COITTROIS. 


Pilot 

Seal 


\ 









Hi 
















i--‘S'3^| 







PIG. 2.4 JffillPIOIAIi PEEL GHIT 





CONTROL COLUMN“REAR VIEW 


•SPROCKET 


MAIN 


CHAIN GUARD 


DOUBE ENDED LEVER 


UNIVERSAL BALL JOINT 



Adjustment plate 


ouble ended lever 


Top clamp( fi' 


the feel— — 
spring stem 




Bottom stop 


Throttle gi 


Throttle grip 


Tottle han 
rot tie fricti 


Throttle handle 


Potentiometer 


Throttle stand 




1 . Controller 

2, Display Unit 
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PHOTOGRAPH 2.1: GEI3ERAL YIBW OP COOT ROLLER 



1 . Analog Computer with Setup 

2. Itinction Generator for Oscilloscope Beam 
Splitting. 

3. 'Brush’ Strip Cliart Recorder. 

4. *EAI* Z-Y Recorders. 

PHOTOGRAPH 2,2j ARAIOG GOMPUTLR AICD PERPORC^IABCE 

EEC ORBERS, . SETUP FOR CASE STUDY 1 


CHAPTER 3 

CASE STU DY 10 .1 ; OPTIijlAl DISPLAY IS ABRIAIi 
PU RSUIT EYAS ION 

3 .1 OBJECTIVE 

To simulate an aerial pursuit evasion game, study 
tlie performance of a iiuman controller (pilot) for different 
display parameters and ascertain the nature of the most 
efficient display. 

3 .2 STUDY PROCEDURE 

A meaningful pursuit evasion problem was chosen as 
a first step. The problem dynamics were patched up on the 
analog co 2 iiputGr. The solution to the problem was fully 
generated with the minimum use of the computing elements.. 

A feedback loop with human pilot in it was then programmed . 
The human controller was given the task of minimising 
(or maximising) the distance between the pursuer and evader 
at the end of a fixed time o orre spending to the human 
pilot's role of ’faLeing the pxirsuer (or evader). 

In this task, the human controller was given progres- 
sively different types of display and in each case his 
performance was recorded. The errors were then calculated. 
The display giving the lowest (or highest) miss distance 
with the human pursuer (or evader) was chosen as the best 
display. Its characteristics were then analysed. 
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The runs were performed with different subjects to 
gain more confidence about the results. This also helps 
to see the adaptability of different subjects to the 
system. 

3.3 PEOBIiEM mOICGROUBD 

The problem chosen for simulation is a special class 
of pursuit evasion differential game solved by Ho, Bryson 
and Baron in 1965. A differential game may be stated 
briefly as follows . 

Given the payoff 

^ T 

J(u,v) = i2f(x(T),T) +j L(x,u,v,t)dt ( 3 .I) 

o 

and constraints 

± = f(n,u,v,t); xCt^) = Xq ( 3 . 2 ) 

u e U V € V (3.3) 

determine the pair of feedback controls 
u* = k(x(t),t) C U 

(3.4) 

V* = k(x(t ) , t ) € V 
satisfying the relation 

J(u* ,v) iCu^jV*) S J(u,v*) (3.5) 

for arbitrary u U, v <5= Y, 

In game theory, J is called the payoff, x the state 
of the game and u,v are strategies restricted to certain 
sets of admissible strategies U,Y depending on the problem 
in 'question. If strategies u* and -v* can be found 



such that ( 3 . 5 ) is true, then they are called pure strategies 
and the pair (u*, v^) is called the saddle point of J. Ihe 
payoff evaluated at the saddle point, J(u*,v*) is called the 
* Value' of the game. 

The class of problems in which the differential 
equations are linear, the payoff quadratic and the controls 
not constrained, was solved using variational methods, A 
particular case of this, ?/ith energy constraints, is 
considered here. 


3.4 PROBLEM STATEIvEM^ ^ 


= ft. + i’p('to) = 


P 


P' 


■p ' o- 


p^ 


'e = 

o o 


(3.6) 


where r^ 


''p(e) position vector of the pursuer 

or evader depending on the subscript p or e in 3 •-dimensional 

I 

space, 'a is the control acceleration of the body. It is 
assumed that the altitude difference b€t?/een ’p ' and ' e ’ is small 
and so when rm consider the relative position r, the effect 
of the external forcesfma:/ be neglected. 


The equation (3.6) can then be written as 

*r = Up - Ug ( 3 . 7 ) 

The above equation has implicit in it the state variables 

r and di‘/dt, low the system state, can be expressed in terms 

of certain predicted or quickened variable s also . A new 

1 c> 

variable is now defined , 



r(t) = r(t) + (T~t) f (t) (3»8) 

This vector can be called the first order predicted 
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miss, G-iven a relative position and velocity at time t, 
r(t) and f(t), r(t) is the relative position which would 
result at terminal time T if no controls were applied 
either by the pursuer or evader. jMow differentiating (3.8) 
we get the differential equation in terms of the first 
order predicted miss as 

r(t) = (ap(t) - aQ(t)|(T-t)^ (3.9) 


We can also define similarly a second order 
pi'edicted miss as 

r(t) = r(t) + f'(t) dt 


( 3 . 10 ) 


This would then be the predicted miss c^t the terminal 
time Tj if from time t, the relative acceleration is kept 
constant or in otlier words both pursuer and evader maintained 
c ons t c-mt c 0 lit r o 1 . 


Equation (3.10) can be written as 
r(t) = r(t) +j^ + i“°(‘t) (T“t)j- dt (3.1 1) 

whe re ^(t) and Y(t) are constants for any time t. 




After integration, we can write the same as also 


r(t) = r(t) + f(t) ^ 
or stiU 


(3.12) 


"a 


r(t) = r(t) + 


(3.13> 
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Tbe problem now is to determine the saddle point 

^ payoff 

_2 

J = ^(r(!r).ir(T)) (3.14) 

whexe r(!r) is tiie relative distance (r (T)-.r (1)) at a 
fixed terminal time 1. We see that the payoff is a measure 
of terminal range for a fixed terminal time 1. Ihe objective 
of the pursuer is to minimise the payoff ?/hile that of the 
evader is to ma:cimise it. 

She constraints on the control energy are assumed 

to be 


/ s 


and 


( 3 . 15 ) 


S 


(ag.ag)dt < E:(t^) 


e ' o- 


It is obvious that under optimum play the evader will utilise 
all his energy. It is further assumed for simplicity of 
analysis that pursuer has just sufficient energy for capture 
(defined as r(S) =0), With this assumption the constraints 
become equality constraints and using the Lagrange multiplier 
technique the payoff is taken as 


2 - 


(r(0?).r(T)) + I J 


1 


a^(t).a^(t) a^(t).a^(t) 




dt 


e 

( 3 . 16 ) 


where l/C^ and l/C^ are the Lagrange multipliers . 



Now the solution for this has been derived by 


Baron '^^as 


a;(t) 




P(t) 


^ 

fTt * flr(t)i( 


J- 


(3.17) 


and 


a|(t) = 


E^Ct) 


1-t 

3 


r(t) 

irf(tTT 


where |:|r(t)j} = (r(t).r(t))® 


Ihe corresponding minimax distance is 
|r(i)j|^ J|r(t)|| - (Ep(t) -EgCt)) 

She energies left at any time t are given by 


= Ep(to) 








^ag(t).a^(t)] at 


( 3 . 18 ) 


(3.19) 


5.5 MiliOG 1.IECHMISA1I0N: SADDIE POINT SOLUTION 

A two dimensional version of the above was considered 
Eor simulation on the analog computer and subsequent display 
on the flight simulator, the above equations have to be 
resolved into x and y coordinates. The equations required 
for simulation are (3.7), (3.9), (3.13), (3.17) and (3.19). 
The solution being in terms of r(t) the equations (5. 7) and 
( 3 . 13 ) need be used only for visual display and not for 
solution genercition. 



The equations (3.19) have to be converted into 


. differential equations for use on analog computer^ Substituting 
for ap and and converting them to differential equations 5 


we get 


Ep(t) = - I 


Ee(t) 


3 


(3.20) 


(See Appendix B for details) 
Similarly manipulations on equation (3.9) yield 


( 3 . 21 ) 


Now resolving equations (3.7), (3.13), (3.17), (3.20) 
and ( 3 . 21 ) into x and y coordinates and recognising the 
symmetry involved in them (See appendix B) * ¥e finally get 


the equc.it ions for simulation as 
E (t) 

Ef-t;— _1 c; 

nw_ 10 

1 . . E^(t^) 


EW= ttEIO; C = 
e 0 p 


E (t 

e ^ o ■ 


i^(t) 


—fd - 1) B„(t)75rr 


ry.(t) = k r 2 .(t) 


k = -7* 






3 

l+k^ 


r (t ) 
x'' o^ 


/l-t 


( 1 :) = k A (t) 


( 3 , 22 ) 


(3.23) 


( 3 . 24 ) 


(3.25) 


(3.26) 


(3.27) 


(5.28) 


Vt) = ^ (1^) d- 

X 

= ^xd) + Cap - a ) 

^X X 

^ A 

ry(t) = k r^(t) 


(3.29) 


(3.30) 

(3.31) 


These equations were mechanised in TR 20 analog computer 


using analog diagram given in Appendix D. This required 
the use of|£^TE 20 computers. 


3.6 'PHOT IS LOOP 'ANALOG ISCHANISATIOl 

In mechanising the feedback loop with the human 
pilot, it was decided to use the pilot as the pursuer. The 
evader was considered optimal and was patched on the 
computer. It was decided to give to the pilots a) a state 
variable display, b) a quickened display in terms of r(t) 
c) another quickened display r(t) and d) control vector 
display a*(t) to study the relative performance. 


The pilot v/as to generate a (t) laterally on the 
control column and a (t) on the throttle. Since for the 
study the problem was assumed to be on a horizontal plane, 
the outputs of the pilot had to be made symbolic. After 
necessary simple adaptation the equations for analog 
programming were 



{S 


T 


1 .5 


_®-t __ 

/i+(S!I)2 

tH)- 


(3.32) 



(3.33) 



JL 


a and . a became pilot outputs. 


7^2 .2 2 V 

P Pz Py 


(3.34) 

1 

- a. ) (T-t) 

iff 


(3.35) 

iy(t) = (a - a ) (T-t) 

J J 


(3.36) 

r2;(’*^) “ ^p ~ % 

X X 


(3.37) 

= %- 


(3.38) 

+ ^^p “ % (■t)) 

X - k - 

(T-t)^ 

2 - - 

(5.39) 

A, 

ny(t) = ry(t) + (a^ (t) ~ a^ (t)) 

2 - 

(3-40) 


These equations roquir^.! two TS 20s again for simulation 
and simulation details are given in Appendix E. 


As it was decided to display bo the pilot the 
optimal trajectories along \ 7 ith the actual pilot feedback 
trajectories, the available thi'ee sets of TE 20 computers 
were found insufficient. It vyas then decided to represent 
the saddle point solution linearly using the analytical 
solutions for the differential equations (Appendix C . 
Usiiog the analytical solutions for ^^(t) and r^(t ), the 

revised equation for mechanisation of the optimal 

trajectories beceime 
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a* = 0,C2(I-t) 


X 


a* = k C.Cp(T-t) 

Py 1 ^ 

i2*. _3 

p T-t 


= O-iOgCI- J-) (I-t)2 

% 

= O^OgCk- |)(T-t)2 




X 


k> 




A 


r* = 1 ^ + (1- i)a* 

X X ^ C ' p 2 . 

^x 




A 

x\ 


r* = k.r* 
y X 


vmcre 


G. 


r (t ) 

r (t ) 
x^ 0^ 

jl .5 




0 = 


^2" 2 
^ ■ l+k"^ 



(3.41) 

(3.42) 

(3.43) 

(5.44) 

(3.45) 

(3.46) 

(3.47) 

(5.48) 

(3-49) 

(3.50) 


3.7 DESGRIPTIQU OF DISPLAYS 

Pile display optimisation study was conducted by 
giving to the pursuer pilot in the cockpit six types 
of displays as described’ below, • 

3.7-1 State Yeotor Display ■ 

Ibe first was a pure state vector display as 
indicated in Figure 3 . 1 (a) . lime to go (l-t ) , Ene rgy 
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left Ep(t), relative velocities in x and y directions 

f^(t) and fy(t) were displayed on voltmeters while the 

relative position in x and y directions r^ and r were 

X y 

displayed on an oscilloscope. 

3 . 7.2 Quickened vector display 1 

The second was one type of quickened vector 
display. The first oider predicted misses in x and y 
directions were displayed on voltmeters over and above those 
of the first display.' The relative positions of the 
indications are as indicated in the Figure 3.1 (t>). tTote 
the close proximity of r„, r,^ and r^, f„ for obvious reasons 

3 . 7.3 Quickened vectors display 2 

The third T/as again a display of first order 
quickened variables (Figure 3.1(c)). The only difference 
from the second display was tiiat the two quantities r^ and 
r vw-re displayed on an oscilloscope with f and r on 

Jr Jr 

voltmeters positioned close by as indicated in Figure 
This was done with the intention of providing to the 
pilot a visual cue, closer to the optimal control. The 
optimal control is given by 

The term -S™. equivalent of Cos^ in a polar 

l|r !l ^ 

representation. Display on the oscilloscope was expected 
to give to the human controller a direct measure of this 
expression, thus enabling him to do possibly better. 


(t), = ~ 




^2c(y) f}?(t)j] 


4.7.4 Quickened vector display 3 

This is again a quickened vector display with -the 

second order predicted miss distances displayed on the 

oscilloscope. Also IwO be displayed extra were the relative 

accelerations (a - a ) and (a^ - a. ) . The display 

X • ®y 

layout is indicated in figure 3.2(a). This quickened 
parameter, as would be seen, is closer to the control 
output of the pilot. Parameter r(t) is, as v/e Imow, 
is the predicted end result if the pilot were to ensure 
constant relative acceleration. 

4.7.5 Qstickened vector display 4 

This display is basically the same as the previous, 
except that, all the corresponding parameters of the saddle 
point case vrere simultaneously presented (Pigure 3.2(b)), 

On the oscilloscope both the actual and optimal trajectoriess: 
were presented using a beam splitting device. The beam 
splitting was done using a function generator output to 
sv/itch a relay comparator alternately , to feed the oscillos- 
cope with the actual and optimal inputs. The operaition 
takes place as explained in Chapter 2. 

4.7.6 Control vectox' display 

The last of the scries was the control vector 

display, lor this the optimal controls a* and a* were 

■^x fy 

presented along with the instantaneous control outputs 
of the pilot on the oscilloscope using again the bean 



splitting technique (figure 3«2(c)). The pilot was given 
the 'pursuit task' of keeping his outputs aligned with 
those of the optimal. Unfortunately due to the system 
errors in the lov; voltage range, the outputs beyond 1? secs, 
out of the total 27 secs, problem time were unreliable 
without automatic correction for the errors. As the errors 
were not easily computablfi, such corrections could not be 
incorporated in the computer program. Hence the study v;ith 
this display was restricted to I7 seconds. 

3.8 DETAILS OE EXPERII^ffillCS AIID DISCUSSIOI 
3.8.1 Gcncrul 

The e:,j:pGriments were conducted for the following 
initial conditions. 

r^(to) = 99 ft. 5 ft. 

r^j-Cto) = 0 ft/sec ; f^Ct^) = -100 ft/sec. 

Ep(tQ) = 25 ftVsec^ ; ^e^^o^ = ^ ftVsec^ 

T -t^ - 27 seconds 

r^(to) = 99 ft. 5 ^y(^o^ = 

r^(T) = 1.8 ft? ry(T) = 2.4 ft. ? r(T) = 3 ft. 

The runs were performed with three subjects 

a) A lihot pilot . 

b) A fighter pilot with medium experience 

c ) An engineer YQ.th a flying background . 



Before presenting each form of display the pilots 
were briefed about the nature of the display. In all the 
cases recordings were made after the subject performance 
had stablised with each different display. Ihe predicted 
vector trajectories and state vector trajectories for 
each subject are plotted in figures 3.3 to 3.7. 

3.8.2 Experiment lo.l 

Parameters Bisplayeds 

. . 2 

^y’ ®p* voltmeters 

r^ and r^. on oscilloscope . 

Observation ss The performance of all the subjects 
was poor. Y/hile the test pilot was putting on appreciable 
acceleration initially the other tvro were not doing that 
even. The subjects Yvere then told that the optimal solution 
needed commanding high accelerations initially, subsequen- 
tially after a number of practice runs the performance 
improved. The best stabilised performance of the test pilot 
gave r(T) = 35 foot. The performance of the other two are 
indicated in Table 3 . 2 . 

Subject Comments: The subjects complained that they 
could not judge well the effects of control on the 
r^r^. trajectory. They stated that they Y/ere giving 
controls in steps and waited for reaction of the state 
trajectory at each state. The subjects all agreed that 
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■they tried to get the trace linearly to origin. The test 

pilot commonted that with practice he could see that he had 

to maintain some relationship betv/een the .time to go (T-t) 

2 

and energy left Ep(t). 

Inferences The poor performance of the subjects could be 
attributed to three causes; 

(a) The subjects initutively tried to make the chase 

linear, whereas the optimal trajectory in r ,r was 

X y 

nonlinear . 

(b) The relationship between the visual cue and the control 
was somewhat complcatod. Hence the subjects could not get 

a clear feedback on the effect of their control over the 
visual cue . 

(c) The dynamic range of r„, ir. was high. The subjects 

X y 

have experienced resolution problem (See liguie 3.8 for 
optimal trajectories). 

The performance improved, as the test pilot rightly 
pointed out, v/hen they le^irnt to see the correlation between 
(T-t) and Ep(t) v/hich is inherent in the optimal control. In 
other words, their performance improved when they learnt 
to use all the parameters required to generate the optimal 
control. 

on voltmeters 
on oscilloscope . 


4.8.3 Experiment Ho, 2 
Parameters displayed: 

r„ and r 



Observations • 


The performance of all the subjects 
improved appreciably. The best performance ?/as that of 
the tost pilot with r([D) = 16 ft. 

Subject Comment J All the subjects expressed satisfaction. 
Inference! Performance improved due to 

a) The visual cue being a predicted value indicating the 
final outcome which is the performance index. 

b) The r„,r__ variables having a simpler relationship with 

JL J 

pilots control % » S',. • Hence the subjects could sample 

Hx Py 

inputs with reasonable confidence. 

4.8.4 Experiment Ho. 3 

Parameter displayed; r ,r__,f ,f 5 (T-t),S^ on voltmeters 

X y ^ y p 

/\ /\ 

r„, r . r^, r . on oscilloscope . 

JL y jl j 

Observations: During major portion of the run the 

performance of engineer and the second pilot came closer 
to optimal though towards the end it tended to become bad. 
The performance of the test pilot slightly deterioriated . 

The best final r (T) was still that of the test pilot . It 
was 20 f t . 

Subject Comment: The test pilot felt that the resolution 
on the oscilloscope of r^ and ry. was bad and so he tended 
to look into the voltmeter values often. The other two 
acted in a somewhat straightforward manner of sticking 
to the ^ oscilloscope display. 
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Inferences! The performance of the engineer and the second 
pilot is considered more meaningful as thej'' alone have utilised 
the visual cue fully. As the test pilot made the observation 
that, ho did not use the oscilloscope display of r and r , 
only at the end of the complete set of experiments, a rerun 
for him could not bo conducted. Even thougli the resolution 
in the latter half of each run was not very good, it is 
expected that the performance of the test pilot also would 


have improved with this display. 


This improvment at any rate of two of the subjects 
could be attributed to the following: 

(a) file optimal trajectory in r ,r was linear and this 
coincided with the iryftutive guess of the subjects. 

Hence their control action was directed on the right lines. 

/V /N 

r 

(b) The Sin0(= and Cos0(= — ■ — •) involved in the 

form of the optimal control was observable in the oscilloscope 

display of r„ and r__. 

X y 

The departure from the optimal towards the end 
is clearly attributable to the lack of resolution 
(See figure 3.9 for optimal trajectory). 


4.8.5 Experiment No. 4 ' 

Parameter displayed: 

x ^x . ^ 

^x» ^y ’ ^x » 


a ) in voltmeter 
e 

y- 

in oscilloscope. 
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Observations: The r ,r and r , r_- trajectories for 

J -A. J 

all kept quite close to the optimal in the major portion 
of the run. Hovvovor, the system, due to characteristics 
got always overloaded toward the end forcing the run 
to bo stopped. There was fair amount of hunting in the 
trace in the second half of all the runs. 

Subject comment: All the subjects expressed satisfactions 

with the display in that the response of the trace to the 

control was instantaneous and appreciable. However, the 

'■■W»®.V«m©n’fe of the trace was too fast. This combined with 

low values of r„ and r for considerable portion of the 

^ y 

problem, made them not exercise steady control in the 
end (See Higure 3.10) for optimum trajectories). 

Inferences: The reason in the improvement in the first 
half ¥iraB directly due t o visible correspendcnce of the 
trace v/ith the control. The deterioration towards the 
end could be attributed to two reasons . 

(a) Por more than half the time the voltage levels of 
r.^, r„ ?/erG lov/. Ti^ circuit for generation of these two 
quantities use a maximum number of seven nonlinear elements . 
The nominal error in each multiplier is 40 mV. The 
cumulative error due to the nonlinear elements docidedly 
becomes comparable to the parametric voltage level. This 
caused repeated overloading of the system. 

(b) In the zone where the voltage levels were low, the 
errors in the control outp ut of the pilot, became rather high 
comparitively . This leads to the overloading of the system. 
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A true comparison between the relative merit of r(t) 
and r(t) as display parameters could not be made. A more 
accurate computational facility like that of using a digital 
computer instead of the analog, would have enabled the 
experimenter to avoid the system error and .ascertain 
the true value of r(t) display, Though it is reasonable 
to expect r(t) to give better results, this could not be 
c on 0 lu s ivo ly proved, 

4.8.6 Experiment lIo«5 

Parameters displayed: All parameters of last experiment, 
alon£i \7ith their optimal counter parts. 

Observations* Performcaice by all the subjects did not 
altar much. 

Subject Opinion: All the subjects stated that intuitively 
they had been attempting the same trajectories even in the 
last experiment. 

Inferences: It so happens that the optimal trajectories 

for r and r in this problem were linear. Had the 
optimal trajectories been nonlinear or even only piecewise 
linear it stands to reason that perfoimance would have 
improved with the simultaneous display of the optimal. 

4.8.7 Experiment lo,6 

Parameters displayed; a , a t t 

•^x ^y 'X -^y 

Observations: The performance of the test pilot was the 
best with only a 9 feet error from that of the optimal at the 
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end of 17 seconds ?/hilc that of the second pilot rogistored 

about 20 feet. 

Subject Opinion: The task for I 7 seconds was found to be 
simple by all. 

Inference: , The pilot task was a simple pursuit. Hence 
the performance in the reliable system operation zone was 
found the best. However, it took away from the pilot the 
capability to apply corrections for the system errors since 
he did not have a measure of the end result displayed to 
him in the ease of the predicted miss distance displays. 

3.9 C0NCLU3I0I 

Predicted displays indicating the end results all 

the time arc distinctly superior to state vector displays 

for terminal range fixed time problems. ffhis qualitative 

12 - 13 

results agrees \vLth that of Paron and that of V/'arner 
Extensions of Baron’s result were attempted in the 
experimental numbers 3,4 and 6, It was seen that providing 
prcdicted displays of a higher older with more direct 
correlation with pilots control may improve the performance. 
But this could not conclusivelyi)i)roved due to system short -- 
coiiiiigs. The control vector display was found indeed the 
best provided the control computation could be accurate. 

If control computation becomes inaccurate, this display 
w i n result in drastic deterioration in results. 
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The performance of the test pilot was found to be 
the best on the average , This could be expected-. ^he 
performance of the engineer with a general flying back- 
ground was found better on the average than the fighter 
pilot with medium experience. The test conditions in this 
simulator study were of course not that exacting as that 
of an actual combat mission in which case the pilot with 
his flying experience would have been assuredly the better 
of the two. All the same, it would appear correct to 
conclude that an engineer pilot would be capable of pro- 
viding meaningful results in qualitative studies. His 
adaptability to flight simulator and its varying displays 
was comparable to that of a test pilot and better than an 
average fighter pilot. 




Table 3.2 
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PEHFOMMCE TABLE 


Display 

Tost pilot 

Best Averai 2 :e Performance r('T) 

Average pilot 

Engineer ' 

1 

35 ft. 

80 ft. 

50 ft . 

2 

16 ft. 

53 ft. 

27 ft. 

3 

20 ft. 

26 ft. 

26 ft. 

4 

- 

- 

- 

!? 

6 

9 ft. 

20 ft. 

Could not be rec- 


orded but observed 
to bo clssc to that 
of the avorage pilot 


central U8RAR Y 

JVa ji 2113 3 



CM Of 
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OHAPTSR 4 

CA SE gTUPY 2t7AIirDAJIQH Of AI OPTIMAL CORgEOL 
gHECRETIQ HUMAH P ILOT MODEL 

4.1 IMTIODUCTION 

The analysis of a control system is carried out ly 
expresBir^ its component characteristics in terms of 
abstract models and combining these models to obtain the 
system behaviour. In as much as a human pilot forms a 
vital part of any flight control system, development of 
ouch a maths aetical model, for human responses in a closed 
loop, becomes important* In the fifties, quasilineari- 
sation was mostly used, to develop^ the human pilot model 
for aviation studies. With the rapid growth of the opti- 
mal control field in the sixties, optimal control theoretic 
methods of describing the human pilot response have gained 
importance. Ctoe such optimal control theoretic model is 
investigated experimentally here. 

4.2 OBJECIItES OE THE STUDY 

a) To investigate ®nd' identify an optimal control 
theoretic human pilot model in a tracking situation. 

b) To attempt usii^ the model in choosing an 



4.3 model DSSCRIEOIOl’*'^ . 

The model developed by Blank and Schumacher 
bayed, on "the s bipulabion "that; "the performance of a human 
operator in a tracking situation corresponds to that of 
an optimal .controller which minimizes a (Quadratic cost 
functional. If this theory were to be true, the dynamics 
of the theoretically derived optimum controller should 
match those of the human operator. The plant is described 
by the state equation 

£ =s A X + B u (4.1 ) 

The tracking system is described by 

i = D z (4.2) 

Cost functional to be minimised is 

J = i e^(T)E e.(T) + ijce^ g e + u^ R u) dt (4.5) 
where , 

S. = £ ~ 

This tracking problem is then reduced to an equivalent 
regulator problem. 

An observation vector y^ is constructed as 



The overall system can be written similarly 
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(4*5) 


or 
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A-} ^ + Bn 


(4.6) 
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B 


Defining 


B, 


1^2 -* 


0 


a 


0 

0 

• « - 

o' 

1 


10-10 
0 1 0-1 


(4.7) 


y c X 

*****8, — 

enables the difference between z and x to appear explicitly 
as observations, low cost functional 


'T 




T 


where 


^11 

0 q22 


(4.8) 


and E = [rj 

By a judicioiis selection of ^ and E the system response 


can be controlled 



« n • problem, 

Recognising this a standard ime^x 

v/e c con write , 

• (4.9) 


u* = -E""^ R k 

wtere k is the 4x4 symmetric time varying 
of the matrix Riccati equation 


jjiatrix solution 


. m -1 T, j. C^Q C (4.10) 

-k = kAi+^k-!cBS £i: + 2 H- 

^ |4- -I infinite time 

Blank and Schumacher consider a parall® 

ntroll6<3 element 

problem with transfer function of the con 

k ^ 1 to be of a single 

assumed as c and the system taken 

ili+aT 

input single output type. 

1 4" 

+-on converted to 

Ihe optimal control representati 

tbe following 


that 


t of a transfer function type to yi®- 


system transfer function and pilot 


transt®^ 


function. 


3S 

i 


(s) 


- w - 

s^+(a+ -^)b+ 


(4.11) 




(JCa) ) = 




, . , - • 'i-zA ^14 

2. , ^)+ 


s +s(a+ 




Ihe block diagram representation would 


(4.12) 

g.Q in Figure 4.1 



4.4 IirVEdl’IGATIOI PROCEDURE 


Pile following were the steps involved in the 
cApcrimontal study, 

a) Assunie some form of tracking model and plant 
model, and programme the system on the analog, computer, 

b) Choose a good representative set of values for 

(^11,^22 Solve the Riccati equation and obtain 

,4) values. 

o) Incorporate the model of the pilot corresponding 
to each sot of q^-j, q 22 and r on to the analog set up. 
R ti . n the computer till steady state is reached and record 
the trajectories for u*,e and de/dt where e is the error 
s-x# 

d) Put an experienced pilot in place of the optimal 
controller. Display the system controller inputs or. -the 
flight simulator display panel, plot the ? e and 

de/dt v/hile the pilot is controlling the system. 


©) Compare the trajectories generated by the pilot 
with those of the models. Check, for behaviour similarity 
and SCO whether any particular optimal model checks well 
with the pilot's. Phis validates/invalidates the model 
and helps in identifying the weightages q^-j, ^22 
by the pilot. 

f) Yary the aircraft: parameter wliioh is be decided 


upon, and in ©ach^t^-is 


computer, the value 


67 


of the porformance index = 


I 


See whether the variation in J gives any indication as to 
the choice of the aircraft parameter. 


4,5 EXPEEMEMTia PETAILS POE MODEL YAL3DATI0E AIED 
DISCUSS 101 

4.5.1 Simulated Optimal Closed loop System ^ 

Ihe tracking model chosen is described by 

^* + 0.1 ^ + 0.01 z = 0 

(4- .13) 

z(o) = 7.5 I ^io) = 0 

The controlled element chosen was 

X + 2x = u(t) 

(4.14) 

x(o) = 7,5 ; x(o) =0 - 

The plant was rep 2 ?esentative of the attitude control 
of a jet aircraft in hover. The block diagram of the closed 
loop system with the optimal controller would then be as 
indicated in Eigure 4.1. As a representative set of weightage 
for e and e, possibly used by pilot, and ^22 chosen 

as various combinations 1, 10, 100. Por various combinations 
possible in q,-j-| and I 22 ’ r of 1, 0.1 and O.OI 

were chosen. The solution f or' k' obtained , into grating the - 
Eiceati equation backwards in time for all possible combi- 
nations of the above values for q-j -i ? 122 ^ are presen- 

ted in Table 4.1. Corresponding to each set of values, 
dif fere nt , optimal control models emerge. These, taken 



one at a time, along with the tracked model and the plant 
model, form the feedback loop to be simulated. In all the 
above cases it was seen that 


A. .-A /x. 

^34 / ^44 ^24x 

and (a+ - -^) 0 


14 

r 


(4.15) 


The Transfer function (4,12) then reduces to 


A 


A 


G(S): 


(s + -7C“)(s+a) 
^24 


(4.16) 


The above system was programmed in the analog computer 
(Appendix F) . The computer runs were performed for each 
of the twenty seven models in Table 4,1 and the u*, e and 
de/dt, the components of J, were plotted against time. 
The plots indicated that by 80 seconds steady state 
values were reached. Hence T = 80 seconds was chosen as 
problem evaluation time in the study. 

4,5.2 Simulation with Human Pilot in the Closed loop 
An experienced Air Pome pilot was used as the 
subject in the piloted runs. The error e = z-x was dis- 
played with a good sensitivity of 0,1 volt per cm on the 
oscilloscope in the display unit. The pilot replaced 
the optimal theoretic controller in the flight simulator 
system (refer figure 4.2). To avoid effects of external 
audiovisual dist^urbances on the pilot, the simulator 



cockpit v/as enclosed by wooden curtains and silence was 
observed in the area except for the sound of che recorder 
operation, Ihc pilot then was given tlie compensatory task 
of keeping the error zero during tlic simulator run. The 
pilot was given repeated runs on tiie flight simulation 
facility till his performance stablised. 

4,5,3 Pilot Model Identification 

The pilot exhibited quick learning behaviour. His 
performance stabilized after 5 consecutive runs of each 
80 seconds duration. The " sthbilrZiGd arhnord for 

u,c and de/dt arc shown in Figures 4,3, ^*5* 

The plots rccoided for the human pilot wore compared 
v/ith u* plots taken earlier. The pilot s plots, in 
general, showed good similarity with the optimaL control 

plots. In particular the plot for Q.'j-j ~~ *3.22 * 

r = 1.0 appeared almost identical with the .averaged u 
plot of the pilot (Figure 4,3)* comparison of the 
rospection plots for error e in the piloted n.n and the 
optimal control run for the weightages of (100, 100, 1), 
indioated an average er 3 ;:or of less than +0.04 voltv.,. The 
piloted plot for de/dt was oscillating uniformly over the 
zero line indicating an average of 0.0 similar to the 
optimal model second. Thus ife appeared that for plant 
damping ratio of 2, the pilot behaved in a manner almost 

identical t o an optimal control model mixo izing a 

performance index given in next page 



J = (100 e^(t) + lOO^^Ct) + u(t))dt (4.17) 

■ o ■ 

With these weight ages, the computer was programmed f or 

measurement of the performance index values for optimal 

controller and the subject pilot, Ihe measured values for 

the two were very nearly the same, 

For this set of values, 


G(s) = jJ-f.Q.(.g±.Q-t„9,l( gt. i l 
s 


(4.18) 


4.5*4 Model Varification 

As a further verification on the model obtained, it 
was decided to compare this with the quasilinear model 
obtained by Mcruer andEgrondai in a compensatory task 
v-/ith random input signal, Por a signal bandvd.dth of 
1 rad, /second the G-(s) was found as 


G(s) 


n 


I 00e'"^*‘*^^(2s-H ) 
ro . 25s+1)(0.67s+1> 


(4,19) 


An approximation to the aboAic in consideration of natural 
frequency of 0.1 rad./scc. in the system input yields 


0(s) = . (4.20) 

■ i , ' ' 

The similarity bctw’ccn (4,18) and (4. 20) is noticeable. 
Ihe zero at -2 in (4.18) could be attributed to the fact 
that the input was deterministic in our case. The optimal 
controller (operator) was able to loam the task and 
effectively cancel the pole of the plant at -2, 
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The other zero at 0.9 is comparable with that of 
-0.5 of Mcruer.'s model. This zero is i-epresentative of 
the term with T^^ the lead coefficient. Due to the 

deterministic nature of the input, the optimal controller 
(operator) needed to generate only a lesser lead term of 
1/0,9 as against the 1/0,5 that was generated with a 
random input, 

4.6 USE OE MODEL FOR PAHAMETER CHOICE 

4.6.1 Choice of Parameter 

The -plant (YTOl aircraft in hover) transfer function 

used was k./(s(s+a)) where 'a' was the pitch damping ratio 

* • 

of the aircraft. It was decided to use the quadratic 
performance index of the operator v/ith the identified 
weightages to choose the pitch damping ratio, 

4.6.2 Experimental Details and Discussion 

Piloted runs of the simulator were given for 
different values of the plant damping ratio ranging from 
0 to 3.0. The performance was computed in each case over the 
usual period of 80 seconds. The perfoimance index ’ J’ was 
then plotted against the plant damping ratio ’a* (Figure 
4.6). The plot indicates that the value of J is uniformly 
minimum for a damping range of 0 to 1 and is Iovt enough 
till a value of 1 ,5 for a. 
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As a parallel criterion, the pilots verbal ratings 
were asked, The experienced pilot, however, indicated that 
he could not give an^^ distinct comparative ratings. It was 
felt that for the pilot used who had a vast flying experience 
of over 15000 hours, the single axis task with a determinis- 
tic input would have been too simple for a comparative study. 
As a follow up, an engineer with an elementary flying back- 
ground was tried out. The performance index values were 
naturally higher than the pilot’s but indicated a minimum 
between 0;5 to 1 danping and reasonably Iot ; bet?ireen 0.25 
to 1.5. Asked to comment, the engineer pilot expressed a ■ 
clear choice for the plant configuration with damping ratio 
between 0.5 to 1 . 5 . 

The above results were compared with those of 
hollar obtained experimentally for a random input . The 
value for damping ratio of 0.75 was recommended by hollar. 
This we see lies in the range for ’a’ arrived at in our 
study. Thus J was useful for indicating approximately 
the range for choice of the design parameter, Itirther, 
the pattern in variation of J with plant damping leads us 
to suspect that under more realistic condition of random 
inputs even the experienced pilot would have felt the 
difference in performance due to damping ratios in which 
case the perf ormance index J could -serve as an aircraft 
rating index* ; 



As a matter of further interest, it was decided to 
compare the optimal controller performance v/ith that of the 
experienced pilot for the various values of plant damping. 

For this the Riccati equation vms solved on digital computer 
for varying values for 'a' (Table 4.2), The optimal control- 
ler arrived at, 7/as incorporated on the analog computer and 
the values for performance index, v/ere computed. These 
v/ore plotted against 'a' (Figure 4,6). The plot was found 
remarkably close to that of the experienced pilot. This 
does indeed provide greater confidence in the validity 
of the premise that a human operator, in the tracking 
situation considered, performs like an optimal controller, 

4.7 CONCLUSIOH 

In the case study, an optical control theoretic 
model for human pilot was described. The model 7/as appli- 
cable for a tracking task with deterministic input and plant 
description of kQ/(s(s+a)) , By experimental studies using 
an experienced pilot, it was seen that the model 7/ith 
v/eightages 100, 100, 1 for error, error rate and control 
in the quadratic cost function does satisfactorily re- 
present the human pilot response under the conditions 
mentioned. This model was also found, satisfactory T/ith 
varying plant damping ratios and conforms to the quasi- 
linear model of Meruer. The study in no v/ay proved the 
model to be the unique one for representation of human 
pilot responses, Ho7/evcr, it does assure us uh at the 
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lEOdol dBToloped from opliimal coufrol theoretic considera-- 

tionS| can indeed be used as a Talid representation in bcisic 
. c ' . " , e . ■ ... L r 

design of aircraft* 

The study also indicated that the unified perfor- 
mance index of the optimal control model can serve to 
identify reasonable zones for locating aircraft design 
parameter. Its equivalence to pilot ratings as an 
aircraft classification index could not, hov/ever, be 
fully substantiated from the subject pilot opinion. 

HoY\?evcr, from a study of the pattern of variation of J, - 
it may not be unreasonable to expect that v/ith random 
inputs given, the subject pilot ratings would have shovm 
variations. The performance index may then have been 
found to serve effectively as an. aircr..;ft 'rating index. 
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Table 4.1 

STEADY STATE YAIEES EOR k. . f or a = 2 

^0 







/V 

A 


/ 

911 

'122 

r 

hi 

^24 

^34 

>^44 

1 

1 

1 

t 

0.96 

2.16 

1.00 

0.65 

2 

1 

1 

0.1 

0.31 

0.43 

0.32 

0.25 

3 

1 

1 

0.01 

0.10 

0.11 

0.10 

0.09 

4 

1 

10 

1 .0 

0,96 

3.54 

1 .00 

2.00 

5 

1 

10 

0.1 

0.31 

1.03 

0.32 

0.85 

6 

1 

10 

o.ot 

O.JO 

0.32 

0.10 

0.3Q 

7 

1 

100 

1 .0 

0.96 

9.93. 

0.99 

8.30 

a 

1 

100 

0.1 

0.31 

3.16 

0.32 

2.98 

9 

1 

100 

0.01 

0.10 

0.98 

0.10 

0.96 

10 

10 

1 

1 .0 

3.14 

3.14 

3.16 

1.36 

11 

10 

1 

0.1 

1 .00 

0.57 

1 .00 

0.38 

12 

10 

1 

0.01 

0.52 

0.13 

0.32 

0.11 

13 

10 

10 

1 .00 

3.14 

4.28 

3.16 

2.51 

14 

10 

10 

0.1 

1 .00 

1 .10 

1 .00 

0.91, 

15 

10 

10 

0.01 

0.32 

0.33 

0.32 

0.31 

16 

10 

100 

1.00 

3.14 

10.29 

3.16 

8.50 

17 

10 

100 

0.1 

0.99 

3.19 

1.00 

o 

o 

• 

18 

10 

100 

0.01 

0.31 

0.98 

0.31 

0.96 

19 

100 

1 

1 .0 

9.99 

4 .86 

10.00 

3.00 

20 

100 

1 

0.1 

3.16 

0.87 

3.16 

0.68 

21 

100 

1 

0.01 

1 .00 

0.17 

1 .00 

0.15 

22 

100 

10 

1.00 

9.99 

5.69 

10.00 

5 .83 

23 

loo 

10 

0.1 

3.16 

1.28 

3.16 

1 .09 

24 

loo 

10 

0.01 

1.00 

0.35 

1.00 

0.33 

25 

100 

too 

1.00 

9.99 

11 .0 

10.00 

9.14 

26 

100 

100 

0.1 

3.16 

3.26 

3.16 

3.07 

27 

100 

100 

0.01 

0.98 

0.99 

0.98 

0.97 
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Table 4.2 



various 


« IT, I 


a‘ s 


a 

^14 

^4’ 

- — — 7^-- _ 

^34 

• — A ' ■ 

^44 

0.0 

9.99 

10.854 

10.00 

10.954 

0.25 

9.989 

10.856 

10.00 

10.707 

0 ,5 

9.99 

10.865 

10.00 

10.466 

0.75 

9.989 

10.874 

10.00 

10.230 

1 .00 

9.989 

10.890 

10.00 

10.000 

1.5 

9.988 

10.934 

10.00 

9.557 

2.0 

9.986 

10.995 

10.00 

9.136 

2 .5 

9.984 

11.074 

10.00 

8.736 
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5.1 smum 

■ ’ . . . ^ _ flight simulation facility 

A typical rudimentary 

VI ^ ^ -v -v, +te thesis, along with the 

assembled was described m 

+ ^ere performed. Within 
illustratiTe case studies tnau 

^^nrt was made to incorporate the 
the resources available >• 

. performing a range of 
essential features required I'J ^ 

flight control and allied studied 

a) ?alidation of human 

v+ control techniques 

b) feasibility of new fli#^ 

^rr,narisoii studies . 

c) flight control system 

d) Display comparison studio® 

designs of aircraft, 

©) Studies of preliminary P 

. . v^d an acceptable aircraft 
Ihe simulation facil^-ty 

but vers®'^^^® computer 

With the throttle and 


type contimller, a modest 


and reliable performance rec 

control stick provided, a 

could be achieved in pitebiJdg 

themselves were sufficient 

three axes using thxottX® 

" , ^ lateral movements 

control stick for, vei^hal 

Professional pid,bts,.7^*;>o^^ 

facility quite 


orders- 

■ ^viable measure of realism 
jnovements. However, the two 
effect s3rmbolic controls in 
longitudinal movement and the 

. ato; 

simulator found the 



Iwo meaningful studies were performed on the 
facility. Ihe first was a display optimisation study for 
aerial combat. State vector displays, predicted/quickened 
vector displays and control vector displays ?/ere tried out 
in assessing the perfoimance of professional fighter pilots 
against an optimal solution available in literature deve- 
loped through differential game theoretic techniques. The 
control vector display indicated most efficient performnee 
but involved the pilot rather blindly taking away his 
initiative to correct even for system errors. The predic- 
tive displays were next best. Due to analog computer errors 
the exact type of predictive display could not be decided 
upon. This study revealed the defeciencics in system. She 
errors in analog elements at low voltage ranges of the 
parameters became comparable to that of the parametric 
signals themselves, Ihis lead to erroneous system outputs. 

She second study performed was an attempt to 
validate and use an soptimal control theoretic pilot model. 
The model had been developed for deterministic inputs and 
a controlled element transfer function of the t ;/pe J ~~ • 
The peiTformance of the optimal controller and an experienced 
Air Dorcc pilot vrere compared over a series of flight 
simulated runs with varying plant damping ratios, She 
transfer function representation of tte model was 
reasonably close to the quasilinear model developed by 
Mcruor using random inputs , It was also found that the 
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■variation in the performance index of the optimal control 
model for different aircraft pitch damping ratios could 
be used as a guide in choosing the value for pitch damping 
of the aircraft, 

5.2 SUGGESTED UPROVIMBIWS 

a) Provision of rudder ccntrol would be essential 
to give completeness in controller realism. Flight control 
problems in all three dimensions could then be simulated 
realistically. 

b) A hybrid computation facility using the available 
' onlline digital system IBI 1820' and the analog system 

'TS 20' would be desirable. This would enable simulation 
of problems with more cemplexity. The limited resources 
in TR 20 and its accuracy cramped the level of problems 
that could be -tackled with the present set up. 

5.3 SCOPE FOR FUTURE STUDIES 

a) An interesting addition in the display optimisation 
study could bo the display of a combination of state vectors, 
quickened vectors and control vectors. A facility for 
selection of the different displays by ths pilot at will 

as well as a possible ciiange of scale of each display could 
indeed improve the overall perfomance of tlB pilots. These 
could be tried out after incorporating the improvements in 
computation facility as suggested above, 

b) The investigations on tte optimal control 
theoretic pilot model could be extended further using 



random inpulJS. Ourrently moro involved optimal control 
fiiodols considering tte * Human pilot as an optimal control- 
ler and infoimation processor* are being developed."' Vali- 
dation otudics of those could bo taken up. 

c) There are a host of optimal man oeu*/l»^ solutions 
in flight j available in the literature like the miiiimum 
timiG turns and climbs for supersonic aircraft. These would 
constitute interesting studies on the simulator. 

It wculd thus be seen that a fli^t simulator, 

\/oulcl indeed be a handy tool in verifying various results 
in flight control and investigating 7n.th piloted simulator 
runs, preliminary designs of aerospace machines which are 
vital for the continued human achievement in aerospace 


field . 
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apeeitoix a 

yjLJO. BEPAIIE]) SPECIPIGATTOWfi'^ ° 


Elcncnt 


Specific at ions 


1, General 


2. D,C. 

Ai.iplif ier 


3 . Integrators 


4. Quarter Squ- 
are Multi- 
plier 


5* X Diode 
function 
Generator 
(z^ dpg) 


6. Dog X DPG 


Voltage : 
Power: 


107 d.c. 
60 watts 


Output voltage ran^; ±107 
Noise from d.c, to 500 Kc: 200 u7 max. 
Offset at summing junction: 20 u7 max. 
Accuracy: Typical 100^5 + 0.1?S 
Minimum 100^ + 0.2?5 
Driftrate: 20 m7/sec. typical 
50 u7/sec, typical 

Input voltage range; —107 to +107 
Output voltage range; -107 to +107 _ 

Static error: 40 m7 nominal 

80 m7 maximum 

Input voltage range; 0 to + 10 7 
Error: typical 0 » 2 % 
maximiM 0,4^ 

Input voltage: 0.1 to 107 

Output voltage* 1 to 107 
Static 4rrdri.- Maximum +1% full scale 
■ : ■' ; . '■ - ' Seminal 0 . 5f» full scale 



APPENDIX B 


cpimj^ipil pp mOBM 

IN pi SPIAX pPTDl ism 


The problcffl equations are 


r(t) 

- 


(B.1) 

?(t) 

SS 

(ap - a^) I-t 

(B.2) 

r(t) 

s= 

r(t) + (ap-a^) 

(B.3) 



2 




?ct) 


®I(q) 


£ji |[f(i=)!i ■ 

(B.4) 

2 

E 

'’(o) 

(t) 

= ®p(o)‘V-Ck(e)(^) 

ap(e)(t)|at 



^0 ^ 

' (B.5) 


* arc assumed implicit in all the equations. 

t 

Hcsolving (B,4)into x and y coordinates 



or 



Uidiiii (B.8) in (B,5) 


4 [t) = 32 (t„) 


3 Eg(t) 

(T-t) 


dt 


TrALi -Ji. T..co(jriiic ao tho solution of the differential 


cqu bion. 



• 

EpBt) 

T-t 

• (B,9) 

or 

Ep(t) 

3 

= — %• 

I-t 

(B.10) 

Sinilnrly 

i(t) 

1 

* Itmm 

(B.11) 


Dividing (BJO) by (B.11) 


dE /dt 
dE^/dt 

Integrating log E 


Ep(t) 


or 




dS 

€ 

E, 


log + log 0 


m 

s* 


SSS-SlI^® 


B (t) E (t ) 
or Att = = C 


ii wi.ii ii i i > i .i ii m» iii mum >. 

b.TET - E^Tt J 


(B.12) : 


ilov/ subatituting (B,4) in (B.2) 


r(t) = /3('r-t) - Ep('t)) 


HcDOlving (.13,13) into x and y coordinates, 

A 


i^(t) :*^(l-t) 


r (t) 

^ (E^(t) - Ep(t)) 


tr(t)l| 


(B,13) 


(B,14) 
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• ^ / 4 - \ 

TyCt) g / vv 

Div..diar: (P.15) by (B.I 4 ) and integrating 


ij(t) 


. _v 

f^(t) 4 (t„) - 


or 


I|?(t)|| = [t 2 (t) + 

= [f^(t) (Uk2)Ti 


jir(t)|| = r^(t) ^l+K 


Uainj; tliis in (B.I 4 ), we get 

=jk/(1 +k^) "’ 1 )b (t)jC 


TyCt) = k r^(t) 


(B.15) 


(B.16) 


(B.I 7 ) 

(B J8) 


Sixiilar miinipulation on (B.4) yields 

— E ft) 


% (t) 


I 

N/l+k^ 





(B.19) 

(B.20) 


Uaing (B,19) and (B.12) in (B.l) and simplifying, 


53,(t) = ap (t) (1- fr) 

IKI 

ry(t) = ap^C't) (^ “ 


(B.21 ) 
(B.22) 
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id it t ^ ^ ¥ 1 1 i % , 


I-jjCv.) 


(li.:)) into X and y coordinates 
“ r (t) - (a - a ) i-%'^).^. 

X X 


(B.23) 


and 

?yCt) = ryCt) - (^ - ) I2=t£ (B.24) 

y y * 

Dividing CB.24) by (B,23) 




TyCt) 


r ( t ) 

* y \ ^0 / 

r^(to) 


(B.25) 


Thus the equations for final simulation of optimal 
aolution on analog oomputor would be 


E 


p(o) 


(t) 


Eht) 


(B.26) 


(cr -1 ) ®pO) 1 T-t 

(B.27) 

ry(t) s= k 

(B.28) 

:= ap (t) (1- 

(B.21) 

r^Ct) s ap (t) (k- 

(B.22) 

r^( t) = rjj(t) - (aj,^ - 

(B.25) 

TyCt) = k r^(t ) 

(B.27) 

„ , fti LT- 

^/(^■ 

(B.19) 


(B.20) 



APPEIIDIX 0 

IS^AyjPjlg. . JIQH OH* BM AIALOG EBALISiP IOE OP 
S JPpj^ PpiM SOLUPIOKS 

Solving equation (3.10) analytically, 


m it) E (t) 

^5 . E (t^) = E 


' dt 


dE (t) ^ 

* - «*»" SS rrr^ dt 

Ep(t) 

Integrating ln(lp(t)) = In C(ir-t)^*^ 
or Ep(t) = C (i'-.t)''*^ 


Using boundary condition ^ 


Ep(to) = 0 l''-5 


0 = E T 

P. 


.5 


Hence 


E (t) SB Ep 


1.5 


o 


Substituting this in (3,19) wg got 


1 c: 


(G 



ux 


= - 0^ .CgCi-t) 


•7licro 


T' 


•Vo 
"^1 " j 1.5 

SiEiilarly 


and G, 


^ Jl+k^ 


.„(t) = _Q- -0 


E. 


-Cg.C^ • 


Hcnoe 


f. 


^ = a - a 

■*^x X 




lIo\/ 


/% 

r. 


X 


r^(T-t) 


•Cl-Ogd-J) (T-t)‘ 


(C.2) 


(0.3) 


(0.4) 


IIcuco the optimised equations for analog mechanisation 
would be 

® (0.5) 


e: 


2 

1 

• I-t 


a_ 




(0.6) 


H» 
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'4. = -0i.C2(1-^)(T.t)2. 0=^ 

®o 

^ k ^ 

X 

= - °1 •'=20- ff)(I-t) 

!= k r 

X 

=S .CgCk— (T— t) 


( 0 . 7 ) 

( 0 . 8 ) 

( 0 . 9 ) 

( 0 , 10 ) 

( 0 . 11 ) 

( 0 . 12 ) 



APPElffilX D 95 

MLO G SBJOT FOR OPgUAl SOLUTI ON 





APPE^miX E 

AjAlOa SETUP WITH PILOT IN LOOP 
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AUAIOG SETUP POE PILOT MODEL STUDY 
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